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FOREWORD

This report was prepared by Terry S. Cory, P.E., for Collins
Communications Switching Systems Division, Commercial Telecommuni-
cations Group, Rockwell International, Cedar Rapids, Iowa, under
USBM Contract H0377053 and Terry S. Cory, P.E., Subcontract
C-651672. The contract was initiated under the Coal Mine Health
and Safety Program. It was administered under the technical direc-
tion of Bruceton Research Center with Mr. Harry Dobroski acting

as the Technical Project Officer. The Bu Mines Contracting Officer
was Alan G. Bolton, Jr.

This report is a summary of the work recently completed as part of
this contract during the period October 19, 1977 to May 31, 1978.
This report was submitted by the author on June 12, 1978.

For clarity, this report contains eguipment brand names as being
generically representative of equipments which may be available

to implement medium frequency systems in coal mines. Reference to
specific brands, equipment, or trade names in this report is made
to facilitate understanding and does not imply endorsement by the
Bureau of Mines. No patentable techniques or items of equipment

have been developed or otherwise used during the course of this
program.
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1.0 [INTRODUCTION

This is the Final Report covering work performed by Coliins Divisions,
Rockwell International Corporation under Bureau of Mines Contract
H0377053 entitled Electromagnetic Propagation in Low Coal Mines at
Medium Frequencies.

The technical work was performed by Terry S. Cory, P.E, under
Subcontract C-651672 with administrative dlrection and technical
support provided by Collins and using Collins' facllities,

The primary work consisted of performing measurements of magnetic
field strength in five (5) mines and four (4) coal seams coordinated
with a concurrent theoretical study performed by Arthur D, Little,
Inc. (ADL) under separate contract* to the Bureau. The measurements
were Taken in such a manner as to enable the reduced results fo
characterize the wireless radio transmission properties of each
mine/coal seam; both in areas without conductors and with conductors,

This program was a technological extension of a previous program
entitled Propagation of EM Signals In Underground Mines ( performed
under Bureau of Mines Contract H0366028 ) hereln referred to as the

"EM Signalling Program", This current program has applied an established
technique for transmission characterization to selected highly
productive low=coal areas, The test equipment, furnished GFE, was

deve loped and/or configured under this previous pygoram and the reader
is referred fo the final report for that program for a detailed
description of the technique and the measurement system,

The magnetic field strength measurement data sets from each mine
were separately reported in each of five (5) interim Summary Data
Reports., The data summaries in the form of familles of curves of
magnetic fleld strength vs range and frequency and the mine map
topological description of the measurement traverses have been
compended and are given In the Appendix to this report. The further
summarizing of this data in terms of maximum communication range
with a technique which can be used to apply the results to system
designs for particular mines Is the subject of this report.

Secondarily, a technique was developed under the contract funding

for the independent in=situ measurement of coal seam conductivity

and preliminary measurements using this technique were performed

in two mines. This work was beyond the original scope of this

g59gram and has been reported separately in a Special Technlical Report
which is not a part of this Final Report. For convenience, this

Special Technical Report is submitted concurrently as an Aftachment

to this Final Report.

All program measurements were performed by a team consisting of the
Subcontractor and Principal Investigator Terry S. Cory, a Bureau of
Mines furnished technician, and a Colliins furnished ftechnlician.,

*Task Order #4, Basic Ordering Agreement H0346045.



l.] PROGRAM BACKGROUND

The viability of wireless radio transmission In coal mines has been
established; largely as a result of the Bu Mines sponsgred EM
Signalling Program, the companion ADL program, and prior Bu Mines
sponsored research in this area dating back to 1973, The baseline
studies and measurements were performed largely in high=coal In

West Virginia and Illinois and in DC mines, Renewed national emphasis
on coal production, largely underground, has spurred the here-to-fore
embryonic and somewhat antiquated mine electronics technology into

a major arena offering substantialiy Increased capabilities for
production efficiency, control, and for enhanced mine safety, A large
portion of the U,S. coal reserves reside in low-coal ( seams nominally
36 - 48 inches thick ), Newer AC mines do not provide the troiley wire
transport mechanism for implementation of the carrier phone
communication systems prevalent In older mines for handling vehicle
traffic. Pager phone systems alone, especially in low=coal where
physical mobility is difficult, are not sufficient to regulate vehicle
traffic, personnel movement, and to efficiently supervise production
related activities in large working section panels.

Within the last year, sources of medium frequency portable radlos

have been identified and within the next cne to two years, these radlos
are expected to have been certified and to become available In the
marketplace. ( RACAL Model TR58 from South Africa and a U.S.
manufactured radio now in the production prototype stage sponsored

by CONSOL via Lee Engineering ).

The Bureau of Mines currently has an R&D program underway to define
mine wireless system confligurations adaptable to trackiess haulage
mines ( HO366056 ) and planned research relating to portable and
vehicular antenna development and coupling to exlIsting mine wiring
conductor configurations,

This program accomplishes the wireless transmission characterlzation
of low-coal mines and provides a data base which may be used for
preliminary estimates of wireless transmission system requirements.

t.2 PROGRAM OVERVIEW

Measurements were performed in five (5) mines in chronolegical order
as fol lows:

(1) December|977, Helvetia Coal Co. Margaret #|1 Mine In
Armstrong Co,, Pennsylvania - Upper Freeport seam

(a) Field strength vs range and frequency in j-Butt
Section = quasi~conductor-free

(b) Fleld strength vs range at 900 KHz in 2-Butt Section
- conductor=proximity

{(2) January 1978, Upshur Coal Corp. Adrian Mine in Upshur Co.,
West Virginia - Upper Freeport seam



(a) Fleld strength vs range .and frequency In area parallel
to Road 83C between Ist Right and 2nd Right = quasi-
conductor=free

(3) February 1978, Bethlehem Stsel Coal Mine #31 ( Nanty Glo )
in Cambria Co,, Pennsylvania - Lower Kittanning seam

(a) Field strength vs range and frequency In Main-N area
- quas!=conductor-free
conductor-proximity

(b) Field strength vs range and frequency in 5-Cross area
- quasi=conductor~free
conductor-proximity

(4) February 1978, Bethlehem Steel Coal Mine #38D ( Ehrenfeld )
in Cambria Co., Pennsylvania - Lower Freeport seam

(a) Field strength vs range and frequency In |-Right Maln-B
area - quasl-conductor-free
conductor-proximity

{5) May 1978, National Mine Corp., Stinson #3 Mine In Knott Co.,
Kentucky - Elkhorn #3 seam

(a) Field strength vs range and frequency In C=Section area
- quasi=~conductor=-free
conductor~proximity

.5 REPORT CONTENTS

Section 2,0 presents an Executive Summary consisting of an overview of
the results in terms of maximuym communication range vs frequency plus
speci fic observations, concliusions, and recommendatlons,

Section 3.0 presents the Technical Approach consisting of a description

of the new two-turn recelve antenna used, details of the data reduction

process including caliibration, and details concerning the comparison of

measured and computed scatter gains and derivation of the simple scatter
gain formulas,.

Section 4.0 presents Individual Mine Test Descriptloms including a
summary of results for each of the five (5) mines vislted.

Appendix presents the compended field strength curves and mine map
traverses for each set of measurement results obtained, These have been
extracted from the individual Summary Data Reports,



2.0 EXECUTIVE SUMMARY

The primary goal for this program has been to expand the mine/seam
wireless radio transmission data base into additlonal low~coal mines/
seams, while comparing the results for consistency with the previous
EM Signalling program results, The program work exceeded the orliglnal
expectation of four mines, four seams, and one measurement sample

per mine by providing data from five mines, four seams, and six
measurement samples. Qualitative observations of nolse were made along
the way during the program, #séarching for noise conditions which had
not previously been experienced in high-coal. Quantitative nolse
measures In operating mines were not possible during the program time
frame as most measurements were made during the mine strike. This
shift of emphasis away from quantitative noise tests made it possible
to gather additional field strength data, especially In close
proximity to conductors, as weli as expanding on the mine/seam/
measurement set format,

A secondary goal for this program has been to define simple-to-
implement measures for characterizing particular mines and to expand
on the technique(s) for using the data base results, confidently, to
obtain system performance estimates based on the mine/seam
characterizations, An important part of obtaining this goal has been
to validate the concept of scatter gain and to establish a simple
means for measuring it, Once validated, scatter gain provides an
easy«~to-use empirically based way to estimate conductor coup!ling

to radio fields. Also an important part of obtaining this goal has
been to obtain conductor proximity data useful to ADL In their

more rigorous analysis of conductor coupling and of the transmission
modes associated with current travellng along multi=-conductor

ensemb les.,

To provide the most complete "total summary" of transmisslon effects,
this report incliudes the use of data from the pr?gSo?ﬁ)EM Signallling
Program and conductivity data derived from ADL's ~°°7 modeling
evaluation of the measured field strengths.

2.1 RESULTS SUMMARY

From the measured magnetic fleld strength vs range and frequency data,
maximum communication ranges were computed both in quasi-conductor-
free mine areas and in conductor-proximity situations for each ssam
under assumptions of both set-iimited noise and median mine nolse,
Speci fic criteria upon which these computalions were based are
summarized in the next subsection.



As was characteristic of all seams except, perhaps, the Pittsburgh
seam, ali measurements ( and, thus, the expected performance of actual
radios ) were set-noise~|imited when the receiver was removed one or
more entries away from an entry containing conductors. Conversely,

the received noise levels Tn conductor entries are expected to conform
approximately to median mine noise, The very few estimates of nolse
made close to energized conductors verlfled thls; however, due to the
strike, determination of typical operational noise levels was not
possible.

The maximum communication range in quasi=conductor-free environments
for the total data base of seven seams for set-limited noise and for
median mine noise are given respectively in Flgures | and 2, The
communication ranges obtalned were fairly tightly grouped; being
greater in value than those for the Herrin #6 seam and {ess in value
than those for the Pocahontas #3 seam,

In sef-fimited noise, the low~coal mines exhibited maximum rangss of
180-260 meters at frequencies lyling between 200 and 300 KHz.

In median mine noise, the low=coal mines exhibited maximum ranges of
115=140 meters at frequencies lying between 400 and 800 KHz with the
optimum frequency/range conditions being quite broad,

These range curves clearly show the Pittsburgh seam to be the exceptlion
rather than the rule for range performance with the range being
approximately twice that for the other seams in the data base,

The maximum communication range in proximity fo conductors for six of
the seven seams ( ADL data for the Elkhorn #3 seam was not available
at the time of this writing ) for median mine noise is glven In

Figure 3. The transmitter is assumed to be located one entry away from
conductors and the receliver is assumed to be located in the conducter
entry. Here, there is considerable difference between the values of
range for the three displayed |ow-coal seams. The Upper Freeport seam
gives the best range of 890 meters at 900 KHz and the Lower Kittanning
gives the poorest range of 570 meters at 1150 KHz, With the exception
of the Pittsburgh seam, the Upper Freeport seam gives the best
performance of the total seam set; all other seams are falrly tightly
grouped at between 570-670 meters at from 900-1150 KHz. The range
shown is obstensibly the range along the conductor string with the
conductor attenuation assuming a single transmission line mede { or
single dominant mode ).
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The maximum communication ranges in proximlty to conductors for the
three low=-coal seams for which data was available are given in Figure 4
for set-limited noise, These ranges were not previously computed In
high-coal as the utility of this situation was at the time questionable.
Recently, the possibility of an entry carrying onity an AC power cable
or the cable plus a phone line with low noise in newer AC mines has
arisen so as to make this a reasonablie |imiting case. The data Is

shown assuming the transmitter located both one enfry and two entrles
removed from the entry carrying the conductor(s}), Just as the optimum
frequency for coupling when both the transmitter and receiver are

close to the conductors is known to be lower; so the optimum frequency
for lower nolse ( ie greater margin to accomodate conductor attenuation)
is also lower, For one-entry remoting of the transmitter, the maximum
communication ranges are hetween 2400-5000 meters at optimum frequencies
ranging between 220 and 350 KHz. For two-entry remoting of the
transmitter, the maximum communication range [lTes between 470-1050
meters at optimum frequencies ranging between 220 and 700 KHz. In each
case, the Lower Freeport seam provides the best range performance.

2.2 TRANSMISSION CHARACTERIZATION
2.2,1 COMPUTATION CRITERIA & TECHNIQUES

The summaries of maximum communication range presuppose values of
receiver sensitivity and transmit NIA, The following criterla have

been assumed for these summaries based on the Collins mine wireless €5}
prototype fm radios developed for the Bureau and the NBS nolse study

( Bu Mines Contract HOI33005 ):

NIA = 2,5, the transmit magnetic current moment of the
radio using a loop anfenna

Recelve sensitivity of 0.0Z2 microamps/meter for [2 dB SINAD
for 12 KHz nolse bandwidth

Set=noise=|imited magnetic field strength level for |2 dB
SINAD given by

N/20

_86.91ANF , | , | x 10 samp /meter

SN (20T f Q 'A3/2

where, Af 1s the 12 KHz bandwldth
Q Is the antenna "Q" made as narrow
as posslble to be consistent with
transmission; Q = 44 for the Collins
prototype fm radio

H (

A 1s the antenna area = 0,217 m2

N is the nolse figure ot the receiver
= 2 dB for the Collins Prototype fm radlo

Median mine nolse magnetic field strength level for |2 dB
SINAD ( 13,51 dB signal-noise-ratic, Hamshur )
is given by

i3
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Hoy = 175.8 = 32.5 log, f(h2)

dB above cne microamp/meter In a 12 KHz band

The ranges are then derived by picking off the ranges from the
measured data corresponding to the receive noise criteria given
above. The formula results shown above are given in convenient form
in Figure 5. :

The summaries of maximum communication range in proximity to conductors
further presuppose a coupling to the conductors of the radlo flelds

and an attenuation rate of the coupled carrier current atong the
conductor strings as well as specific distances of the transmit and
receive antennas - from the conductors. The attenuation constants used
are those appropriate for a single line source in close pro¥éTiT¥)+o
the roof ( or flocor ), Usipng the ADL derived conductivities 7

of the overburden/underburden, the attenuation constants gliven in

Table | were obtained, Other line parameters assumed were:

a/aI =g

where, a is the spacing from the conductor
center to the rock

a] is the conductor radlus

Z = 50 ohms, the surge impedance of
+Re lossy transmission line

The estimate of conductor coupling is based on the scatter galn ratio,
which is that of the fleld strength atte receiver with the conductor
present to the field strength at the receiver In absence of the
conductor. Scatfter gain has been determined during this program to be
a valid way of specifying the coupling. For each seam, the computation
ot scatter gain has been recduced to the simple formulas given In

Table 2, These formulas give values within 3 dB on average of measured
scatter gain samples.

To obtain the field strength at the receiver, the computation proceeds
as follows;

(1) Choose ranges of the transmit and receive antennas from
the conductor(s)

(2) Obtain the magnetic field strength at the closest range
between the transmitter and the conductor assuming the
conductor is absent from measured fleld strength curves
( or from ADL modei calfculations } for a conductor-free
environment
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TABLE |

SUMMARY OF SHORT FORMULAS FOR CONDUCTOR ATTENUATION VS
COAL SEAM ( BASED ON SINGLE CONDUCTOR GEOMETRY )

SEAM FORMULA

PITTSBURGH ® = 0,02665 DB/M @ | MHZ
POCAHONTAS #3 * = 0,02277 DB/M @ | MiZ
HERRIN #6 X = 0,02916 DB/M @ | MiZ
LOWER FREEPORT o = 0,02130 DB/M @ | MHZ
UPPER FREEPORT X = 0,02171 DB/M @ | MHZ
LOWER KITTANNING o = 0,0217| DB/M @ | MHZ

NOTE: ASSUME = IS PROPORTIONAL TO FREQUENCY



TABLE 2
SUMMARY OF SHORT FORMULAS FOR SCATTER GAIN CALCULATION VS COAL SEAM

SEAM FORMULA

9,53
Z R
o}

PITTSBURGH G =
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MHZ
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7.0 f&é5
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AL

o}
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(3) Multiply the field strength of (2) by the scatter gain
( or add dB ) as computed from Table 2

(4) Subtract the result of (3) in dB from the sensitivity
level obtained from Figure 5 for the appropriate type
of noise

(5) Divide the dB magin of (4) by the conductor attenuation
as computed from Table |. This gives the range along
the conductor string.

2.2,2 UTILITY OF THE CHARACTERIZATION TECHNIQUE

The arrangements of conductors encountered in mine envlronments are
highly variable, These impact both the coupling of transmitted radio
fields into the conductors and the propagation of the Induced carrier
currents along the conductors. Usually, the coupling can be measured;
ie measured scatter gain, by transmitting from a known useful location,
measuring the field strength at a desired distance away from the
conductor with a receive loop ( but along the shortest distance
between the transmitter and the conductors ) and then measurling the
received fleld strength again at the same spacing from the conductors
but at a considerable distance "down" the conductor ( te, beyond the
direct field range ) where the current attenuation rate flattens out,

During the program, the strongest fieid strength was observed along
the shortest path from the transmitter to the conductor sven though
the t+ransmit loop was oriented paraflel to the conductors, The
coupling to the conductors was near optimum because of the relatively
good agreement between measured and computed scatfter gains. This does
not infer that the optimum orientation of the transmit antenna for
best coupling is known, however, To assure optimum coupiing when
measuring scatter gain one should begin with the "distant" measurement
orienting the transmit antenna for optimum coupling; then, keeping
this transmit antenna orientation constant, move in close and obtain
the "in=line" measurement orienting the receive antenna again for
optimum coupling. This simple technique for assessing coupling witil
work and provide meaningful results providing the mine wiring topology
does not change between recelve measurement locations.

Conductor attenuation may be difficult to determine I+ the confliguration
is complex, Measurement may be required of the attenuation In ?g?cific
mines rather than computation to obtain accurate results, ADL has
computed the complex propagation constant for typical muiti-conductor
configurations which iend insight to these particular situations. ADL
is currently formulating a conductor coupling model from which to
determine optimum antenna orientations for conductor coupiing. A
particular set of conductor-proximity measurements made in the

Stinson #3 Mine showed that the VMD orientation produced the greatest
coupling at low frequencies of 200~300 Khz or less, VMD and both
principal HMD orientations produced nearly equal coupling at 400-500



KHz, and at 800-900 KHz the HMD orientation with the loop plane
perpendicular to the conductors was predominant.

2.3 RECOMMENDAT IONS

From the results of this program and the EM Signalling Program, the
quasi-conductor-free ftransmission performance of wireless radlo in
most seams Is fairly well bounded to a smail region of optimum
ranges and frequencies., While scatter gain seems to work in defining
rough coupling estimates from a remotely located portable transmitter,
more accurate coupling definition from practical mineworthy antenna
mountings to a variety of useful mine wiring topologies should be
made, This is particularly true for transmit locations in close
proximity to the conductor ensembles, In addition, measurements of
attenuation along a variety of useful mine wiring topologies should
be made and correlated with ADL theory,

The Tr?g§mlsslon along mine wiring conductor strings has been shown
by ADL to be aided by the presence of a dedicated wire,
Alternatively, a mine wireless radlosystem could operate with the
ald of a leaky feeder speclially designed o provide optimal coupling
from a transmitter in a particular working area, carry the current
from this area a long distance and then "reradiate" most of the
enerqgy over another predetermined working area., The local coupling
from a remote transmitter into this type of conductor should be
investigated.
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3.0 TECHNICAL APPROACH
3.1 EMPIRICAL TECHNIQUE

The measuring equipment arrangement was identical to that used during
the EMQ§;gnalling program and described in Section 3,0 of that final
report . Again, Singer NM=[2 and NM=25 field strength meiers were
used for reception, The single-turn shielded coaxial 0,73 m~ loop
antenna was rewound into two-turns on easy-to-assemble wooden frames
to facilltate physical maneuvering in low-coal. The new deslign preserved
the antenna reactance so that the same coarse tuning networks could

be used. The two-turn loop usage resulted In an approximate 6 dB
decrease In System sensitivity, Calibration data comparisons between
the one=turn and two=-turn loops are given In Table 3, These comparlson
differentials were used to adjust the calibration data obtained

during the EM Signalling Program to obtain new absolute callbrations,
The two-turn loops were used to obtain most of the measurements during
this program,

The NM-t2 field strength meters were calibrated so that a known Incident
field strength wil! produce a reading of +25 dB on the Instrument

panel meter with the attenuator in the =20 dB position. The NM=25 fleld
strength meters were calibrated so that a known Incident field strength
will produce a reading of +i0 dB on the instrument panel meter with

the attenuator in the -20 dB position. These known fleld strengths

are in terms of microvolts/meter ( the plane wave equivalent electric
field strength ). As the actual calibration was performed using loop
antennas, the true H calibration fleld strength is obtained by dividing
the equivalent electric field strength by 377 ohms,

In reducing the field strength data, the field strength at each locatlion
in dB greater than | microamp/meter was found as the sum of the meter
reading as determined in dB minus The file!d strength callbration point
in dB ( +10 for the NM=25, +25 for the NM=12 ) plus the attenuator

range setting in dB plus 20 dB plus the calibration fleld strength in

dB greater than | microamp/meter plus the NIA normalization factor,

In equation form, this is expressed as

Field Strength = analog meter reading -« ( 10 or 25 )
+ attenuator range setting +20 +
callbration field strength +

2.5
20 1994 Tx current x NIA

NIA = 2,04 for 7-turn loop below 1000KHZz
1.17 for 4=turn loop above 1000 KHz

This equation normalizes the NIA to a standard of 2.5 which Is
representative of the Collins fm prototype radio and the older ECAM
am radio,

The absclute calibrations in terms of equivalent electric fleld strengths
used to reduce the data taken during this program are given In Table 4,
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TABLE 3

COMPAR|ISON OF ONE=TURN AND TWO-TURN LOOP RX ANTENNAS

RX ANTENNA RELATIVE
FREQ(KHZ} ANT TYPE(TURNS) BAND SET # FIELD STRENGTH(DB)

100
100
250
250
500
500
500
500
1000
1000
1000
1000
1500
1500
2000
2000
2000
2000
3000
3000
3000
3000
4000
4000
4000
4000

* & & e A = & & & ® a b & @
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AN — 00U — O A= B OV —-—NOANN O — —C

*« = & 2 & e . w

ViU s AU s 8BS BIWWWWWWNRNNN — — — — —~ —

MNM—MN=MN - —N=N—MN=-N—N—"MN"—N— Bt — Bk —
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TABLE 4
CALIBRATION FIELD STRENGTHS USED DURING THE PROGRAM

RX ANTENNA FREQUENCY FIELD STRENGTH
BAND SET # KHZ M| CROVOLTS/M
| 98100 549,6
| 218=-220 144.0
| 252258 139,0
I 420 128.0
| 440 123,9
| 470-486 ' 15,7
2 470 88.8
2 440 82.8
2 880~900 73.3
3 1750 43.4
3 (850~ | 860 41,4
3 | 890~1900 37.5
4 3620-3710 22,4
5 3620 13,3
5 3750 12,8
5 4050 ti.8



3,2 SYSTEM CALCULATIONS

The criteria used to prepare the maximum communication range summaries
are presented in Section 2,0 and will not be repeated here, The
comparison of the criteria used with that expected for other radias is,
however, of interest, The Collins fm radic criteria were used in this
report for consistence with the EM Signalling Program results which,
when prepared, were representative of the radio parameters expected

to be available,

The transmit NIA has, In all cases, bgen assumed to be 2.5, This
corresponds to 20 watts inte a 0,22 m™ antenna of 7 turns with an NA
of 1,52 ( typical for a portable man-carried antenna ). Newer radios
are expected to be in the =5 watt range for portables and probably
SSB where the power rating Is in PEP, Normally we think of SSB having
an approximate 9 dB advantage over am and being approximately equal

to fm on a PEP basis under tow but intelligible signal=to=noise
conditions, The receive system sensitivity of the Collins fm recelver
and the new RACAL SSB unit are roughly equal using the Hamshur criteria
of 12 dB SINAD which was the basis for the report summary calculations,
This is shown as

Sensitivity, dB above | ua/m

{1} Collins fm radio for 12 dB
SINAD & 2 dB noise figure

@ 520 KHz, 12 KHz BW {a) Hamshur -34.0
(b) Shimbo ~37.6
(c) measured -35,5
(2) RACAL SSB radio

The conclusion is that the PEP SSB power rating ratioced to 20 watts
gives the NIA reduction factor and, hence, the total system comparison
of the Collins fm system as analysed herein and new SSB radio systems
using the same antenna.

3.3 SCATTER GAIN COMPARIiSONS

Measured scatter gains for the Upper fFreeport and Lower Klttanning seams
have been given to the Bureau in monthly progress reports under this
program, These were based on the fleld strength In absence of the
conductor being that taken directly from the quasi-conductor-free curves
in the same manner as if the scatter gains were belng analytically
calculated. Analysis has shown these previously reported values to be
incorrect as the actual measured field strength at the receiver via

the shortest path between the transmitter and the conductor should have
been used. Using these actual measured values of the dominant direct
field strength at the recelver on the "in-[ine" path, there Is good
agreement between measured and computed scatter gains. This alsc shows
that the “in-1ine" measured values were near optimum for the orientation
of the transmit antenna empioyed ( loop plane parallel to the conductors ).
For actual system estimates, the field strength on the"In-|ine" path

was assumed to be that between coplanar loop antennas. Based on the
Stinson #3 resuits, this polarization will probably produce optimum
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coupling from at least 500 KHz upward in frequency and this is in
agreement with periodic observations made over the term of this
program and the EM Signal!ling Program for elther the transmitter
or the receiver located at least one entry removed from the
conductors.

The scatter gain computations in the data summaries used simple
"short formula" expressions for scatter galn. These were derived

via correcting the "full formula" scatter gain expression slightly
to be consistent with the measured scatter gain frequency dependence,

The "full formula" scatter gain is given by

11,97
2 Ch+ g )RR, (ot +B7 y

GS =

The scatter gain was calculated using coal seam and rock conductivity
values derived from ADL modelfng and computing o and {3 from

2Z
: - s .
x + i3 -/(-—--h +1wuo)(d’c+iKceo)

where, Kc Is the dielectric constant = 6
<L Is the rock conductlivity
g . 15 the coal seam conductivity

h is the seam height

The simple "short formula" scatter gains were derived using the form

F,F
o = |2

° ZO!_R_T RR

where F, expresses the frequency dependence of the "full formuia" and
F exprésses the frequency dependence correction to make the overall
ffequency dependence agree with the measured data.
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Comparisons of the measured and computed scatter gains for the

Upper Freeport, Lower Freeport, and Lower Kittanning seams are given
respectively in Tables 5, 6, and 7. These comparisons show good
agreement between measured and computed results except in the case
of the AC power cable in the Upper Freeport seam ( Margaret #11 )
case, Oddly enough, the complex phone [ine and belt support cabling
configuration gave good results whereas the simple conductor did not,
The only conclusion to be drawn (s that the AC power cable must have
been open circuited somewhere in the vicinity of the measurements so
as to create a high surge Impedance,
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4.0 INDJVIDUAL MINE TESTS DESCRIPTIONS
4,1 ~MARGARET #11 MINE

The Margaret #I1 Mine is in low=medium coal In the Upper Freeport seam,
In the area used for testing, the seam was approximately 48-54 inches
thick., In haulage entries, the overburden and underburden have been
trenched out to give entry helights of approximately 6 feet,

This mine is the most productive one Helvetia/R&P Coal Cos., has and Is

a "punch mine" with an expected I[Ifetime of roughly 5-10 years., At

this location, the Upper Freeport seam is about 100-120 feet beneath

the surface., The mine employs only two working sections and thres

mining machines. The mine is AC with belt haulage using tracked

support vehicles in the mains and rubber tired vehicles in the sections,
In this mine, the AC power cable is run in the entry adjacent to the
haulage entry. The AC power is 7200 VAC. Both the miner{s) and the
shuttle cars operate from stepped=-down 480 VAC.

The entries are nominally 18-20 feet wide and the coal pillars are
nominal ly on 60 foot centers, There are pager phones only at the
section head and tail pleces.

Most of the measurements were performed in the conductor-free |=Butt
and in the conductor-proximity 2=Butt sections with supplemental
measurements being performed in the #1 mains, The mine traverse
topology and the measured field strength data plotted vs range and
frequency are gliven In Appendix A-1.

Selected observations based on the reduced data include:

(1) The field variation near the phone. |line/beltway from a transmitter
located 32 feet away due to interaction of the direct and scattered
fields was about 5 dB and the ripple due to SWR was about + 2,5 dB,

(2) The coupled current In the phone line/belt support cabling from a
transmitter located 32 feet away was about 15 dB greater in the
directlion toward the face than In the direction toward the malins,

(3) In an entry containing the phone line and belt support cabling, the
VYMD and HMD field components in the opposite rib plane were of
near-equal amplitue. The rib plane field strengths were about 15 dB
less than those at close proximlity to the conductors when the
transmitter was 32 feet away and about 25 dB less when the transmitter
was located 88 feet away.

(4) In an entry containing only the AC power cable, the cable "carrler"
current was about 12 dB greater when the transmitter was located
14 feet away than when it was located 46 feet away. The rib plane
field strength was about |5 dB less than the close proximity fleld
strength when the transmitter was located 46 feet away,



4,2 ADRIAN MINE

The Adrian Mine Is in high coal in the Upper Fresport seam, In the area
used for testing, the seam is approximately 72 inches thick,

This mine, established in 1965, is of small-to-moderate size, and is
scheduled for another |8=20 years of life. This is one of the farthest
south mines in the Upper Freeport seam, Although the overburden In the
test area was approximately 300 feet, the seam outcrops In the nearby
area. The mine employs continuous miners and belt haulage, working
three sections with a production of approximately 9% tons per man shift,

The mine uses the room and piilar technique with the pillars being on
70 foot centers in length and on 50 foot centers in width, The entry
crossectional widths are nominally |7 feet. The overburden material
Is metamorphasized shale with no draw slate adjacent to the seam., No
top coal is left In mining. The mine employs track and trolley for
service vehicles, The continuous miners are AC operated at 2480 or
1575 volts stepped down from the 4160 VAC -line. The shuttle cars are
OC operated and the roofbolter is AC cperated,

All measurements were performed in the area parallel to Road 83C between
Ist=-Right and 2nd=Right with the fransmit antenna oriented HMD with

the loop plane coplanar in the entry crossection., The mine measurement
traverse topology and the measured field strength data plotted vs

range and frequency are glven In Appendix A-2., Only frequencles of

90 and 220 KHz were used in thls mine.

The data taken in the two entries compared within 2 dB at 90 KHz and
within 5 dB at 220 KHz at the same range with the transmitter entry
having the advantage over the entry two entries removed from the
transmitter entry.

4,3 NANTY GLO MINE #3|

The Nanty Glo #31 Mine Is in low-medium coal in the Lower Kittanning
( "B" ) seam. In the area used for testing, the seam was approximately
39-43 inches thick.

This is a large old mine { approximately 50 years J); the Main=N and
5-Cross areas of the mine being approximately [6 miles apart underground.
This shaft entry mine maintains 600«900 feet of overburden with a
substantial variation in the seam elevation, The Leidy Portal, In a
valley, marks the low polnt of tThe seam and the Main=-N area Is

relatively near this portal. The 5-Cross area Is approximately 900 feet
higher In elevation than Main=N and is near where the seam outcrops

on a mountain top.

The mine uses entries driven on 60-foot centers ( crosscuts every |20
feet in the old area ) in Main-N and on 70-foot centers ( crosscuts
every 100 feet ) In 5~Cross. The entry widths are 18 feet. The roof

Is hard rock and is flat; the best roof the author has ever experienced,
No top coal is left in mining.
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This mine provided the egulivalent of two mines worth of date due

to the wide separation of measuring tocations. Although both
quasi~conductor-free and conductor-proximify data were taken in

the Main-N area, only the quasi=-conductor-free data was conclusive,

This data was "dearty won" for the floor had heaved and the data

was gathered with only 2=3 feet of head clearance, Both quasi-
conductor-free and conductor-proximity data were gathered in the

5=-Cross area. The test traverse and reduced data are given In Appendix A=3,

Selected observations based on the reduced data include:

(1) The timited conductor proximity data taken In the Main-N area show
comparable coupled field strength leveis along entry centers
at 218 KHz in both power cable and belt entries, in the power
cable entry, the coupled fieid strength is about 5 dB more at
480 KHz than at 218 KHz and about 22 dB more than at 3620 KHz.

(2} in the 5-Cross area very close to the power cable, the optimum coupled
field strength appears to be in the 1860-4050 KHz range (approximately
|0 dB greater than at 830 KHz ) while in the rib plane, the field
strengths seem to be much lower with the purely coupled field
strength conditlon not being obtalined.

(3) Pursuant to (2), there appears to be an effect at higher frequencies
which produces a periodic variation In field strength with distance
along the power cable entry rib plane,

4.4 EHRENFELD #38D0 MINE

The Ehrenfeld #38D Mine is In low-medium coal in the Lower Freeport
{ "D" ) seam. In the area used for testing, the seam was approximately
42-46 inches thick,

This drift mine, established in the late 1950's, is of moderate size
with several seams being mined, Currently, most of the production

comes from the "D" seam; an operation to mine the Upper Freeport ( “E" )
seam is just beginning. This mine employs conventional mining sections
with belt haulage, In the test area, the overburden level was
approximately 250 feet,

The mine uses the room and pillar technique with the piltars being on
100 foot centers in length and on 70 foot centers in width. The entry
crossectional widths are pomipalily |8 feet. The power cable entry used
for the conductor-proximity testling contained oniy the 4160 VAC cabte
suspended beneath a 3/8 " stranded steel messenger cable,

All measurements were performed In the |-Right Main=B area with the
transmitter in a fixed location. Quasi=-conductor-free measurements
were made in the entry containing the transmitter. Conductor=proximity
measurements were made In the adjacent power cable entry, The test
traverse topology and the measured field strength data plotted vs
range and frequency are given in Appendix A-4,
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Selected observations based on the reduced data Include:

{1) The optimum coupling frequency observed in the rib plane was
about 470 KHz,

(2) Optimum coupling immediately adjacent to the AC power cable
appears to be between 470 and 880 KHz.

(3) At 200 KHz, the coupied fleld strength Is 10=-]5 dB below the
optimum coupled results,

4,5 STINSON #3 MINE

The Stinson #3 Mine is in low-medium coal In the Elkhorn #3 seam,
In the area used for testing, the seam was approximately 50=56
inches thick,

This is a small drift mine and is one of a connected set ot mines
in the immediate area; serviced via separate power systems and
separate portals to facilitate operation uslne battery operated
service vehicles, accomodate the mountalnous “fopography, and
minimize belt-to~tipple runs. This seam is one of seven Elkhorn
seams ( numbered from the bottom up ) and stacked approximately
60 feet apart, Existing (eases In the area wii| permit Naticnal
Mine Corp. to continue operation in the highly productive #3
seam alone for 20-30 years. This mine employs conventional mining
sections with belt haulage., In the test ares, the overburden was
approximately 500 feet thick and about 100 feet thick at the C
Section face ( outcropped Just before our trip },.

The mine uses the room and plllar technique with the pillars
being on 60 foot centers ( nominally 38 foot plllar widths ) and
are roughiy square. The mine s not piilared in retreat mining
due to the intended mining of the other seams. The pillars In
these future mines will be made to coincide vertically with the
pillars in the currently mined areas.

The overburden/underburden consists of approximately 1¥ feet of
shale on the roof/floor foilowed by sandstone,

This mine runs all conductors in the balt entry; the 4160 VAC
power cable lies on the floor., All service vehlcles are battery
operated and are of the articulated variety,

Ali measurements were performed in C-Section of this mine. The
quasi-conductor-free measurements were made In an entry three
entries removed from the conductor entry., Conductor=-proximity
measurements were made both from a remote transmitter ( same
location as for the quasi-conductor-free tests ) and from a
tightly coupled transmitter for the coupled field polarization
measurements, The test traverse topology and the measured field
strength data plotted against range and frequency are given

in Appendix A=5,
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Selected observations based on the reduced data include:
{1} Conductor-proximity measurements show:
VMD polarization to be predominant at low freguencies

HMD polarization with the locop plane perpendicular to the
conductors to be predominant at higher frequencies

All polarizations produce neariy equal field strengths at
486 KHz

A pronounced nutll, just off the loop-plane-parallel direction
in the HMD polarization

The best coupling frequency to be the highest used; 890 KHz.
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APPENDI X

MINE TEST DATA
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This Appendix gives the mine maps and summary fleld strength reduced
data sets from each of the five Summary Data Reports prepared during
this program, For additional Information regarding a particular mine,

the reader is referred to the particular Summary Data Report for that
mine.

The information In this Appendix is organized as:

A-1 Margaret "11 Mine
A=2 Adrian Mine

A=3 Nanty Glo #3! Minpe
A-4 Ehrenfeld #38D Mine
A=5 Stinsan #3 Mine

The particular references for the five Summary Data Reports are glven
as References (|0) through (14),



A-|

MARGARET #11 TEST DATA AT MEDIUM FREQUENCY
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A=5

STINSON #3 MINE TEST DATA AT MEDIUM FREQUENCY
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1.0 [INTRODUCTION

The conductivity of coal seams greatly affects the abllity to transmit
radio waves underground to any signlficant distance. Recent Fieldstrength
measurements and testing of two-way radios at medium frequency in coal
mines under Bu Mines sponsership have demonstrated communication ranges

as great as 1600 feet { in the Pittsburgh seam ) and as [ittle as 400 feet
( in the Herrin #6 seam and others ) in areas without conductors, The
difference in range is due in part to differences in coal seam conductlvlty
in the "parallel plate waveguide " formed by the seam sandw!ched between

the overburden/underburden rock,

Two-way radio transmission at medium frequency is expected to have a
significant impact on future underground coal mine operations In some
mines. The design of systems embodying this type of transmission will
require a knowledge of coal seam conductivity ( as well as, for that
matter, overburden/underburden conductivity ) and a means to simply

obtain it in particular mines.

This report presents the results of in=-situ conductivity measurements

in two seams employing a simple empirical technique which may have wide
applicability in the future. The results of these measurements confirm
the low conductivity values expected based on computer modeling analysis

of extensive fieldstrength measurements by ADL.

Previous measures of coal seam canductivity have been made largely on
samples anélysed in thelliaboratory following removal from the mine,
These results suggest that the conductivity is a strong function of
frequency down to at least | MHz, is strongly affected by water and ash

> to 10-4 mho/meter range, The In=-situ

content, and could be In the 10
estimates of coa! seam conductivity derived from the field strength

measurements suggest that the conductivity is at most weakly dependent
on frequency in the medium frequency range. The results reported hereln

support this suggestion.
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The technique for conductivity determination involves measurement of
the open and short circult Impedance magnitudes of a parallel wire
transmission line in close proximity to the coal using two pieces of
simple battery operated equipment, a current probe, and the transmission
line., This data is easily reduced to provide a measure ot the normallzed
phase constant along the llne as a function of frequency. The
conductivity is then determined by fitting the measured data with a
computed curve; the algorithm, for which, is a function of conductivity,
The accuracy of the results are not signiflicantly dependent on the
precise spacing of the test line from the coal,

The technique has been demonstrated to be effective for use In both

conventional and continuous mining sectlons,

The results reported herein were obtalned in March, 1978 in the
Bethiehem Steel Coal Mine{ Ehrenfeld)#38D ( Lower Freeport seam )} In
Cambria County Pennsylvania, and in May 1978 In the National Mine Corp,
Stinson #3 Mine ( Elkhorn #3 seam ),
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2.0 SUMMARY

The results of the testing reported herein are significant in two
areas; namely, the technique - its applicability and accuracy, and
the resuits themselves = their values and frequency dependence.

2,1 MEASURED RESULTS

(1) The conductivity In the Lower Freeport seam data sampie Is
estimated to be 1,05 x E0-4 mho/meter i_iO% and essentially
independent of frequency. The coal seam relative dielectric

constant is estimated to be about 2.3,

(2) The results of (1) are applicable over the frequency range of
at least 100-600 KHz.

(3) The conductivity in the Elkhorn #3 seam data sample is estimated
to be 3.7 x 10”4 mho/meter + 103 and essentially independent of
frequency. The coal seam relative dielectric constant is
estimated to be about 2,0,

(4) The results of (1) are applicable over the frequency range of
at least !00-800 KHz,

2.2 MEASUREMENT TECHNIQUE

(1) The dynamic frequency range of measurement Is betwean some [ow
frequency ( typically 80-100 KHz for IO-4 mho/meter conductivity )
where the conductivity dependence of t+he normalized phase
constant becomes weak, and the frequency at which the relative
dielectric constant predominates over the conductivity, /6o
( for IO'd mho/meter and relative dielectric constant of 2-2.5,
the range is typlically 600=-800 KHz ).
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(2) The technique is relatively independent of the precise spacing
of the test line from the coal, For the smoother continuous!y
mined Lower Freeport data sample, the low frequency normalized
phase constant was about 1,88 for an average spacing of the
wires from the coal of 9.5 wire radil ( 0.3 inches ), For the
rougher conventionally mined Etkhorn #3 data sample, the low
frequency normalized phase constant was about 1,55 for an average
spacing of the wires from the coal of about 22,2 wire radil
( 0.71 inch ),

(3) The phase constant accuracy based on the low frequency iimit
of impedance measurement Is a function of iline length., To
obtain accurate measurements below 100 KHz, a |line length of

at least 200 feet iIs required.

(4) The quasi=frequency independence of the conductivity was
established by observing the "goodness of fit" of computed
and measured results curves having the same shape and by
observing the difference In shape of curves where the
conductivity is changing with frequency, 1f the conductivity
increased substantially with frequency, instead of glving
an abrupt rolioff with frequency and a monotonic decrease
in phase constant, the plot of B/@o with frequency would
elther be nearly linear ( decade increase In conductivity
for decade frequency increase ) or exhibit a region of
increased negative slope between regions of lesser negative

slope.
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3.0 TECHNICAL APPROACH

The technique consists of measuring short and open circult impedance
magnitudes on a balanced-fed parallel wire line with frequency using
simple instrumentation from which the normalized phase constant with
trequency is derived, and then fitting a computed curve to the measured
data using an algorithm where the normailzed phase constant is a

function of conductivity.
3.1 COMPUTATION ALGORITHM

The formal derivation for the phase constant of the parallel wire Iline
is beyond the intended scope of thls report. The expression was
derived considering the lowest order TM mode on a coaxial Iine with a
lossy outer conductor, The determinental equation for the complex
propagation constant was reduced to a form containing logarithms by
making small angle approximations to the Hankle functions. Then, using
static field mapping, the geometry was successlively mapped to a single
conductor over a lossy halfspace ( assuming that the spacing from the
hal fspace was much greater than the conductor radius } and then o a
balanced line pair over the lossy halfspace ( assuming that the
conductor spacing was much greater than the wire radii ). The geometry

of the line over the lossy halfspace is illustrated In Figure |,

The resulting expression for the normalized phase constant is Implicit,
The expression was solved on an HP-67 I1teratively assuming a starting
value for the phase constant, conputing the result explicitly, and

then adjusting the starting value each time until convergence was

obtained,
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The expression for the normalized phase constant is:

Za Z2a 2a 2a
L d s d 2 H s
In C3=) + F* in (=2 = [0 2% + exfer?in « 5 N

%; i i i
o = a a
|n<-§-5d )
i‘aS + ad

whare,
[c-:r -J-—&a]l‘-ln(ZZ—?-) - In (A }]
Fz N 2a
In(A)+(-Gr+J-£€’) in ( f’
where,

2
) 8 4 2
In (A) = In(2x0.89xas)+iln(ao—2 -l S HIn e,

a is the spacing of each conductor from the halfplane

a, is the spacing of the parallel conductors

d

i ‘
“'Gr are the conductivity and relative dielectric constant

a, Is the conductor radius

of the halfplane

The expression is of the form

%§-= f( %%;) »

solving iteratively on an HP=67 with a starting vatue of ’&fé = /E for
&
B/6, and modified in each step as

{%;+'Rold G

R = until =R
new ) [

within a specified degree of accuracy,
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The normalized phase constant is taken to be the magnitude of the

complex result,
3,2 EMPIRICAL TECHNIQUE

The line parameters were chosen to confine the transverse fringing
fields of the line to the coal seam so that the much higher overburden/
underburden conductivity would not influence the resuits. A [ine
spacing of 6 inches was chosen with the line conductors being #14
wire, The line was attched as close as possible to the rough coal rib
face using nails or spads through spacers supporting the i{ine. The
line was driven balanced from an HP=204C signal generator., The
impedance magnitude data was obtained by separate measurement of the
input line voltage and the input line current ( and then, of course,
taking the ratio of voltage to current )}, The current was measured
using a Stoddard current probe with a prior calibrated relationship
between the line current and the probe output voltage. The probe
output voltage and the balanced line voltage were both measured using
an HP=403B vol|tmeter. The arrangement of the measuring equipment is
illustrated in Figure 2, The current and voltage were measured for
both open circuit and short circuit conditions of the transmission
Iine., The calibration curves for the Stoddard current probe are

given in Figure 3,
3.3 REDUCTION OF MEASURED DATA

The normalized phase constant was determined from the measured

Impedance data through the use of a Smith Chart, The open clrcuit

and short circuit impedances always lie on opposite sldes of the

chart such that they are joined by a straight edge through the chart
center, fFor a given data point, and using a normalized Smith Chart

( unity Z0 at the center ), the straight edge is rotated until alignment
is obtained between a normalized short circuit reactance value ( on

the right-hand edge of the chart ) and a normalized open circult
reactance value equal to the short circuit value multiplied by The
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ratio of the measured open clrcuit-to=-short circuit impedance
magnitudes, Once this alignment is obtained, the Iine electrical
length is given either as the wavelengths from the chart top ( short
circuit ) to the right-hand alignment polnt or as the wavelengths
from the chart bottom ( open circuit )} to the left-hand alignment
peint, The normalized phase constant is then this electrical length
divided by the calculated free space electrical length knowing the
physical length of the |ine and the frequency. The Smith Chart

aligament process is illustrated in Figure 4,

It should be noted that only the ratio of the open circuit=to-short
circuit Impedance magnitudes |s required to implement the technique,
| the same value of driving current can be maintained for both
short and open circuit conditions, then a simplification of the
empirical and data reduction methods results. Under this condition,
this ratio is just the ratio of open circuit-to-short circuit line

vol tage.

in obtaining & computed tit+, a low frequency plus an arbitrary
conductivity and dielectric constant in the expected range are
taken first and the ratio of as/al is varted ‘until compufed and
measured values match. The conductivity is then varied until a flt
is obtained over the central portion of the frequency range. The
dielectric constant is then varied for best fit over the high
frequency portien, The final fit Is obtained considering smal|l
incremental changes in both as/ai and conductivity.
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SHOKT CIRCUIT

0.0313 )

OPEN CIRCUIT

FIGURE 4
ILLUSTRAT ION OF THE USE OF THE SMITH CHART TC OBTAIN THE

TRANSMISSION LINE ELECTRICAL LENGTH FOR A RATIO OF Z /2
OF 25 oc sc
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4,0 PRESENTATION OF DATA

The raw data for each of the two sets of measurements are given in

the Appendix to this report.

Summaries of the reduced data in tabular form for the two measurement

sets are shown in Tables | and 2.

The Ehrenfeld #38D reduced data is shown only for 80-600 KHz although
data was measured from 20~1200 KHz, This is because this was the first
set ol data reduced and the frequency "edges" result in small electrical
lengths on the Smith Chart which are hard to read accurately unless
extreme care is taken, For this first set, a very close fit was obtained
using only the "easy-to-reduce" data., The Stinson #3 data was reduced
from 40-800 KHz exercising greater carewith the Smith Chart as the

measured data sample was more scattered,

The Ehrenfeld #38D data is given in Figure 5 showing both the nominal
fit assuming the conducTivity was frequency invariant plus the fit wlth
smal | excursions in conductivity from nominal, The accuracy of the

nominal fit was, thus, estimeted to be + 10%.

The Stinson #3 data Is given in Figure 6 showing both the nominal fit
assuming the conductivity was frequency invariant plus the fit with
small excursions in the conductivity from nominal, The accuracy of the

nominal fit was, again, estimated to be + 10%,

To illustrate the effect of conductivity which increases linearly with
frequency, computations were made for comparison with the Ehrenfeld #38D
nominal fit assuming linear increases of x 10 and x 5 for a decade In
frequency matched to the geometric mean frequency of the 80~600 KHz
range. This data is given in Figure 7. By noting the shapes of the x 10
and x 5 curves and the fact that the measured data was very closely fit
with the model on a frequency invariant basis, the conductivity was

Jjudged to be guasi=-frequency independent,

87



ZvS*1  ¥ZGI'0 0SEZ°0  LB00'0 8'8S €€°0  06'8  tvvb 0y 060 009

pr9 i 9101°0 OL9I'0  ZEL'0 1'9EZ L0 0zl 1thL 8%  GL9 oov

Z8L°1  8060°0 6060°0  LOV'Z 8°109 p'  69°¢ 0°06Z si'z 098 00z

0L8*(  ¥SZ0'0 GLPO'0  vE9'Ol I'1vEl 9% £P'C 1°9Z 66°0  <8°L 00l

088°1 ZEOZ0'O Z8€0°0  80°91 005l  8'F  0Z'C £'S6 (L0 sz's 08

%a/9 9 1%52/%Cz 1zI sroma w1 1ZI (SLIOMA (D (ZH) oA
LIMOYID N3O LINMID LHOHS

ANOINHOAL 3ANIT NOISSIWSNYHL Y IM T13TIvHVd IHL ONIAOTIWI Q8S#
ANIW Y¥0D 1331S WIHITHL3E NI SINIWIENSYIN ALIATLONANCD ¥04d v.Iva G30NQ3Y

| 3avi

88



862t 1$€91°0  Z1Z°0 840°0  0°60! €L*0 0L'9 0'e88l ov's 08"l 008
80¢*l G6ZvI°0 0L81°0 GL1'0  0°88I ol*i 68°'G  6°6LOI 66'z  1§°C 00,
GEE'l  6ZZI'0  0991°0 IvE*0  L'LGC TAN 68y 1°6GL oL'S  06'F 009
19S*1 " 1Z01°0  06£1°0 G0L'0 |*98¢ 2Z'T7 GL'S 8*L¥S Gl'S  GL°G 006
8Zr*| 69180°0 L9110 IvZ° I 6* €6 00°'Z 9L'C 9'8Z¥ 68'Z  69'9 00v
I9v°1 9Z190°0 G680°0 €€6'Z  €°'vvL 19°¢ €8'v 8°'¢6Z 09'z ¢8°8 00
v6v"|  80¥0°0 0190°C 619  Z'8ZII vy 06°¢ €'¢8l 1Z°F 09'9 002
PES*l  P0OZO*0  €1€0°0  0°6Z qovZ g°¢ Zv*1 9°86 0L°0  01°L 00|
Gre'l PEYIO'0  L6Z0°0  8'LE 0L6Z 6 g9 9'8s 86°0 B¢l 08
166*1  GZZI0'0  0610°0 0'89 69L¢ 6 €'l ¥°GG %0 69 09
¥6G*1  L1800°0  LZ10°0  8'8¥l AAAS LY 06°0 1°cg GEZ*0  L'9 or
%a/9 %3 9 1952z 121 «stoma (WW)1  {Z]  (SLI0MA (VW) (ZH*) 03 4
LINOY¥13 N3D LINJUIO JHOHS

INOINHDIAL INIT NOISSIHSNYYL FHIM 13T7TvHvYd JHL ONIAOTMNT 3NIW €# NOSNI LS
* Q400 3NIA TYNOTLYN N1 SINIWFINSYIW ALITAILINANOD ¥O4 viva a3ona3d

Z J18vl

89



ol0]0]| 00/ 0l
100 AEAY TRAEH RS M A RN NN R M O Y 1000 (2000 RN Y WN DA NRRFARN A _ TT1
,;_,_, m ™ B T T [ I i i T
| |
P ]
o M, - \_
j h 4
il (B PR SBUDMH A1 2 D IR RO/ D
g i
! ] LI b DI L __
| i nu , H i L
: Wt =14 ieaTh 3
w A u jﬁllm d L Pjo
N Y .
i = Had
il N N Lo o ‘k‘ Fryisid /A
.
g0p ~ TYNEWOMH et T . e
I IHN | h m ]
20t + ._<z_‘:: i M {1 | i
_gﬁ = |
- 1 ! Heb
402 VNI il ,ﬂ
i 4
402 + IV sFhddl] [ i
1
Isvo a HIIEETN:
I
} 4
1l

AN M IITTIWNYS OFONYTIVE Y oMY INATMIDTL aNILITd TAMNT ALIOOTDA
ASYHG J3Z1TYWEON 3HL 40 ALITATLISNIS JHL ONIIVYISNOWIQ (UI34N3FEH3 ) O BL#

ANIW V0D 13315 W3H3THIIE NI

SINIWIHNSYIH ALIALLONANOD NLIS=NI
G RIS

40 SLNS3Y

A

AN

e/t

90



ZHY = AON3INOIHA

0001 Q01 Gl
T T T T
i A _
A IHL ]
H P
Al
[~3-10}a1 Ly alh SERTF MR eTa¥ aTallls THEN
rlww -. - - l._,. LRLsavg ¥
i, G A\ ASRRR INIY . R AEARR i el
1 ; | 7 ”. 1 -
] 3 sk 2iHI YMOIND
dFSE 3 SRRl
T
) 73 AU AL A
v; J: : _ 1 ul vo—
L N ]
. X |
- I o o 3
SR
- - »
N A ES g
- ey
P~
__ ) I b hadl SRR
N.u ;\\ur.
Y R STHE p
v
o 9°|
Ot O
L4 ;
i
! n* , =
1
CINTe 14 P K
: ' “

INIT YA T3TTvEVd GIONYTIVE v ONOTY INOINHDOIL SNILLI4 JAMND ALIDO13A
dSYHd GIZITVHYON 3HL 30 ALIATLISNIS JHL ONILWH1SNOWIA 3MIW £# NOSNILS
*dd0D ANiw TYNOILLYN NI SINIWIINSYIW ALIAILONANOD NLIS~N| 30 SLINSTH

9 NS4

4,

91



ZHA = AOW3NO3MA

001 0l
L 1] T T T T T T T T - .
T S s e s o e e
RAN AR H T HH T I A EAY I TS NN RN —
TRt Sl et o PR A=
REhL #H _r H T i and i} | ity ‘ :
T L R - Al
HHH L ! T | ﬂﬁ- ! N (1001 FART RN I i-rﬂ ) |
i | il il -
i I “ LL,_ L u_ |
T T T MR R .
T ! T w1 GO AD i a
.Uﬁp,_{.r | .Wuml \-.o_\w gl bh f HWH# Lhdele
SN I ARR NN _
[T T LAl ir
M Pl e ogigtl
! LT S i M 11l
T i ! il il *
T o | T o
T | b | | u [ W
i JSyAEONT = % | [5ed e N
[ IR ] T jHUIn |
HSFIRRAN AN S mi hvPH OO mh e >
L 4] 1= T B N iR =L LA
I T R T ] A i _ ] [ EENE
g AERN Wi 1 1 ! ANANN .
{immietanes | R vt 1 1 ARAFDARA | 8
k | s X P T
h ANgRAN HE T | _
| ‘ ] e “ _
! ] _ “ f i |
s ul SOMEE RIE 4 TR N ] | | ieins oY ] AANNAS
N i P EHB- ISy oIV | . I L 3
M , o | ! | [ o
WF EiIre ELS TATTAT HHET 1 TR RN I BTN 0z
ke _ _ seuplil | = 4
f%ﬂ oY wﬁ?«. SEHERY T T ot AAnil
e o1t i i Al gy e
KDNGIK [ ALTAT RN B 1 i AN RS
L LU KR 1] 1 kg RN
s FEN } b | _ ) _ !
_ piNe v : u i __ ]
g R , : E,f_ u Il gL_ aua it oot asan
I ARE AR _ i T A
IR VERAN NN RN AN i ERRR AR i 4 1 100RR SUNOH 10 Lop0 LARRUARRAY W

AONINO3YA HLIM ALIAILONGNOD NI 3SYIUOMI HVINIT AIWNSSY ¥O4 ONY 114 T¥YNIWON
INY IRV ANE AON3NOFYA 3FHL ¥O4 ADNINO3H2 HLIM SIAUND ALID0T3IA 3ISVHd Q3IZ1TWWION
dHL 40 AdVHS 3IHL ONILWvH1SNTT Yiva 08C# (G134NIHHI NO Q3Sva SLINS3d d3LNdWOD

L 914

92



RAW DATA FROM COAL SEAM CONDUCTIVITY MEASUREMENTS VIA OPEN & SHORT
CIRCUIT IMPEDANCE MEASUREMENTS ON PARALLEL WIRE TRANSMISSION LINE

- APPENDIX -

A DATA FROM BETHLEHMEM STEEL COAL MINE #38D EHRENFELD IN LOWER

FREEPORT SEAM

250.3 FEET OF LINE DEPLOYED AROUND COAL PILLAR

FREQ(KHZ}

1200
1000
800
600
500
400
300
200
t00
80
60
40
20

0.066 YOLTS
0.042
0,0225
0.0037
0.014
0,020
0.019
0,0135
0.0068
0.0054
0.0040
0.0028
0.00044

SHORT CIRCUIT HP-4038B READING

CURRENT PROBE LINE VOLTAGE

0.7 VOLTS
l455
2,60
4,0
5.0
4,8
3,40
2.15
0,99
0.77
0.57
0,38
0.295

93

OPEN CIRCUIT HP=-403B READING

CURRENT PROBE

LINE VOLTAGE

0.03 VOLTS
0.068
0.057
0,037
0.030
0,022
0.015
0.008
0,0024
0.0016
0,00095
0.00043
0.00010

3,4 VOLTS
4,62
1,90
0.33



B DATA FROM NATIONAL MINE CORP, STINSON #3 IN ELKHORN #3 SEAM

201 FEET OF LINE DEPLOYED ALONG RiB

SHORT CIRCUIT HP=4038 READING OPEN CIRCUIT HP=4038 READING
FREQ(KHZ) CURRENT PROBE LINE VOLTAGE CURRENT PROBE  LINE VOLTAGE

1200 0,020 VOLTS 2,20 VOLTS 0.100 VOLTS 2,80 VOLTS
1000 0.007 3,15 0.060 0.540
900 0.002 2.63 0.050 0,205
800 0,009 3.40 0.040 0.73
700 0.010 2,55 0,030 .10
600 0,020 3,70 0,020 1,25
500 0,020 3.15 0,020 2,22
400 0,020 2.85 0.010 2.00
300 0,020 2.60 0.010 3,61
200 0,010 1.21 0,0050 4,40
100 0.0060 0.70 0.0010 3.50
80 0.0050 0.58 0,00090 4,90
60 0.003] 0.36 0,00050 4,90
40 0.0020 0.235 0.00020 4,70
20 0.0010 0.1175 0,00015 5.35
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